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ABSTRACT
This study was conducted to evaluate the effect of various sanitizing treatments
applied to cantaloupe rinds on survival of Salmonella. A five-strain cocktail of nalidixic
acid resistant Salmonella was inoculated (~ 6 log cfu/cm2) onto the rinds of whole
cantaloupes, which were then treated with tap  water (control), chlorine dioxide solution
(100 and 200 ppm for 30, 60 and 90 sec), peroxyacetic acid solution (40 and 80 ppm for
45, 90 and 150 sec), dimethyl dicarbonate solution (1000, 5000, and 10,000 ppm for 3
min), ozonated water (~1.66 ppm for 1, 2, 3, and 4 hours), steam pasteurization (85/C for
2, 4, 6 and 8 min), and a combination of steam pasteurization/ozonated water (30 sec/20
or 40 min and 60 sec/20 min or 40 min). Excised pieces of cantaloupe rinds (25 cm2) 
were  pummeled in 50 ml DE broth, serially diluted in 0.1M phosphate buffer, and
surface plated onto tryptic soy agar containing 50 ppm nalidixic acid (TSAN) or bismuth
sulfite agar containing 50 ppm nalidixic acid (BSAN). Survival of the pathogen was
reduced by all treatments (P < 0.05) as compared to initial and control populations.
Substantial portions of the surviving Salmonella population were sublethally injured by
treatments as indicated by reduced recovery on BSAN.  Therefore, survival data that
follow represent recoveries on TSAN. Chlorine dioxide (90 sec at 200 ppm) reduced
Salmonella populations from 6.22 to 3.72 log cfu/cm2 .  However, use of 100 ppm
chlorine dioxide (up to 90 sec) was not significantly better than tap water (P < 0.05).
After just 45 sec at 40 ppm, peroxyacetic acid reduced the Salmonella population from
6.99 to 4.43 log cfu/cm2, while longer treatment times and higher concentration (80 ppm)
of peroxyacetic acid were no more effective. Treatment of cantaloupes for three minutes
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with 10,000 ppm dimethyl dicarbonate reduced the population of Salmonella  from 5.01
log cfu/cm2 to undetectable levels. Populations of Salmonella on cantaloupes treated with
ozonated water (~1.66 ppm ozone) were reduced by only 3.12 log cfu/cm2 after one hour
of treatment.  Slightly greater reduction occurred after ozone treatment for up to four
hours, the differences were not significantly greater. Surprisingly, reductions caused by
ozone and air were not significantly different, suggesting that active aeration has a
substantial oxidative, destructive effect on viable Salmonella. Despite the relatively poor
overall reduction in Salmonella populations by ozone after four hours, the treatment did
cause substantial sublethal injury as indicated by the inability to detect the organism
recovery on BSAN after ozone treatment for three hours. Steam pasteurization of
cantaloupes significantly reduced Salmonella populations, from 5.36 to 1.70 log cfu/cm2,
after only two minutes of treatment. Steam treatments did not result in an increase in the
internal temperature of cantaloupes. The combination of steam pasteurization and ozone
treatment was quite effective at reducing Salmonella populations on cantaloupes.
Treatment of cantaloupes with steam for 30 sec followed by ozone treatment for 20
minutes reduced Salmonella populations from 5.50 log cfu/cm2 to undetectable levels.
The observation that the steam/ozone combination effectively reduced Salmonella
populations suggests that additional hurdles may provide a complete elimination of
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Over the past decade, outbreaks of human illness associated with consumption of
raw vegetables and fruits have increased in the United States (Beuchat and Ryu 1997). 
Due to two foodborne outbreaks in the early 1990's, and most recently in May of 2002,
cantaloupes have been investigated as vehicles of transmission of Salmonella. Many
varieties of cantaloupes have a webbed rind surface that impedes the removal of
microorganisms from the rind. There has been increased research directed towards
sanitation of fruit surfaces with chlorine or other antimicrobial agents that destroy
pathogens.  However, there is a need for alternate methodologies to be used in the
produce industry due to the fear of byproducts produced by chlorine, as well as the
concern that some strains of Salmonella becoming resistant to the sanitizers (Altekruse
and others 1997). Such alternatives include steam pasteurization, ozone, other chemical
agents, or combinations of these.  It is through these treatments that more beneficial
effects can be achieved and also be cost effective.
JUSTIFICATION
Foodborne illnesses that occur each year are usually due to pathogens that include
Escherichia coli O157:H7, Listeria monocytogenes and Salmonella. In fact, Salmonella,
which causes salmonellosis, is the most frequently reported cause of foodborne outbreaks
of gastroenteritis in the United States (CDC 2002b).  Salmonella has been known to cause
human illness associated with foods for over 100 years.  The microorganism was
discovered by an American scientist named Salmon (CDC 2002a).  Salmonella has been
associated with a variety of different food-associated outbreaks ranging from
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consumption of undercooked chicken (Jay, 2000), dairy products, tomatoes (Cummings
and others 2001), and cantaloupe (CDC 2002b).  Salmonella is an invasive organism
meaning it has the capacity to invade host cells.  The pathogen is found in the intestinal
tracts of animals, including humans and farm animals. It can be excreted in feces and
transmitted to fruits and vegetables when manure is used as fertilizer (Jay 2000). Food
animals generate over 1.6 billion tons of manure per year. When manure is used on large-
scale production facilities it can often be a problem due to improper application
procedures and could serve as a reservoir for Salmonella (Altekruse and others 1997).   
Salmonella can be destroyed by pasteurization temperatures (161OF); however,
with fresh produce, heat is typically not used to treat these products since the texture and
quality of the freshness would be adversely effected.  This has led the produce industry to
investigate new methods for minimal processing to achieve microbiologically safe of
products.
Salmonella Chester was identified in 1990 when it was linked to a multi-state
outbreak of salmonellosis across the United States.  This outbreak affected a total of
25,000 individuals in 30 states and resulted in two fatalities (Beuchat 1995).  These cases
were linked to consumption of cantaloupe from restaurant salad bars.  Contamination of
the interior fruit occurred during cutting because unwashed rind contacted the knife. The
fruit was then placed on salad bars where refrigeration temperatures (4/C) were not
achieved (CDC 2002).  A second outbreak occurred only one year later, involving 185
confirmed cases of Salmonella Poona infection in 23 states in the US and 56 cases in two
Canadian provinces.   Again, the same scenario occurred with the fruit being
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contaminated by unwashed rinds (Beuchat 1995).  On May 15, 2002 the Food and Drug
Administration advised the I. Kunick Company of Texas to recall its cantaloupes
imported from Mexico.  Salmonella Poona was again the vector of illness linked to the
Susie brand of cantaloupes that were sold throughout the United States and Canada
(Safety Alerts 2002). 
Historically, chlorine sanitizers have been used to control pathogens and other
microbial contaminants on produce (Park and Beuchat 1999).  However, populations of
Salmonella inoculated onto the edible mesocarp of cantaloupes were reduced by less than
10-fold after dipping the fruit in a 2000 ppm chlorine solution.  The high levels of organic
matter in cantaloupe juice released from tissues neutralizes the chlorine before its
lethality can be manifested (Park and Beuchat 1999).  Therefore, this has led to the
introduction of other antimicrobials used to control microbial contaminants on the surface
of melons.  
The FDA allows the use of chlorine dioxide in water at concentrations of 100 to
200 ppm to sanitize fruits and vegetables without a final rinse (FDA 2002b).  Chlorine
dioxide is less affected by pH and organic matter than chlorine (Beuchat 1998).  The
mode of action for oxidants is to cause irreversible damage to the phosphate group on the
fatty acids  in the cell membrane and enzymes in the microorganisms. 
Peroxyacetic acid is another chemical that is becoming widely used in
antimicrobial sanitizing treatments.  This organic acid is the active ingredient in
Tsunami®  (Ecolab®), which is used as a sanitizing agent in flume water and waste
systems.  The efficacy of Tsunami®  is not hindered by pH, as it is effective under acidic
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to slightly alkaline conditions.  Park and Beuchat (1999) evaluated a series of sanitizers
for their efficacy to kill microorganisms on cantaloupe surfaces.  Their results showed
that a solution of Tsunami® at 40 ppm and 80 ppm significantly (P<0.05) reduced
populations of Escherichia coli O157:H7 and Salmonella on cantaloupe rinds.
Historically, dimethyl dicarbonate (DMDC) has been used as a yeast inhibitor in
wines. Addition of DMDC (50 mg/L) and free sulfur dioxide (25 mg/L) to wine also
inhibits yeast and bacterial growth (Ough and others 1988).  DMDC has been shown to
be effective against pathogens in juices. Fisher and Golden (1998) reported that E. coli
O157:H7 was reduced to undetectable levels after three days at 4/C in apple cider
containing 250 ppm DMDC.  While the FDA has not approved the use of DMDC at any
level in fruit juice nor as a potential chemical wash for produce, it can be used in ready-
to-drink teas, non-juice beverages with added electrolytes, carbonated juices, and certain
other non-juice beverages (FDA, 2002a).   DMDC inactivates microorganisms by protein
modification that results from contact of bacteria  with dicarbonate.  Residual carbonate is
unstable, decomposing rapidly so that no chemical residue is found on the food material
(Ough 1993).  
 The FDA recognizes ozone as a GRAS substance for use as a surface sanitizer on
produce.  In September, 2000, the Electric Power Research Institute, Agriculture and
Food Technology Alliance filed a food additive petition with the FDA for the use of
gaseous and aqueous ozone for the treatment, storage, and processing of foods (FDA
2000).  In June of 2001, the FDA approved this petition, providing for the safe use of
ozone as an antimicrobial agent in foods (FDA 2001a).  Ozone is second to fluorine as
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being the most potent oxidizing agent and works 3,125 times faster than chlorine
(Ankeney 2002).  After oxidation, it returns to its diatomic state of oxygen.    Restaino
and others (1995) evaluated the antimicrobial effects of ozonated water in a recirculating
concurrent reactor against four Gram-positive and four Gram-negative bacteria, yeasts,
and spores of Aspergillus niger. More than 5 logs each of S. Typhimurium and E. coli
cells, 4.5 logs of yeasts, and less than 1 log unit of A. niger were killed instantaneously in
ozonated water without addition of any other antimicrobial component (Restaino and
others 1995). A continuous ozone reactor was also developed to ensure uniform exposure
of bacterial cells to ozone at a constant concentration of ozone during treatment (Kim and
Yousef 2000). Ozone was tested against E. coli O157:H7 in this study and resulted in a
1.3 and 3.8 log decrease after treatment with 0.3 and 1.0 ppm ozone, respectively. 
An alternative to using antimicrobials is the use of heat in the form of steam. The
meat industry has used steam tunnels as a method of killing microorganisms, but it has to
be at the appropriate time/temperature combination so that the desired muscle tissue
proteins are not degraded.  Phebus and others (1997) studied the effectiveness of a steam
pasteurization system in reducing pathogenic bacterial populations on surfaces of freshly
slaughtered beef that had been inoculated with Listeria monocytogenes Scott A, E. coli
O157:H7, and S. Typhimurium at 5 log cfu/cm2 each. Steam treatments resulted in
reductions ranging from 3.5 to 5.3 log cfu/cm2 in all three pathogen populations. The
produce industry began using steam pasteurization based upon work reported by Zhao
and Doyle (2000). Inactivation of E. coli O157:H7 on surfaces of oranges was studied
using steam at 88.5/C. The initial E. coli O157:H7 population was 7.6 log cfu/orange and
7
was reduced to < 1.7 log cfu/orange after 60 seconds of steam treatment.  
The concept of hurdle technology is also employed.  This theory embodies a series
of factors, thus making for a multitargeted approach to preventing growth of 
microorganisms.  In order to grow, the organism must overcome a series of barriers (Jay
2000).  An example is the combination of factors use to prevent germination of spores of
proteolytic strains of Clostridium botulinum in the lab.  This pathogen is inhibited by
extrinsic storage environment factors that affect both the foods and their microorganisms
and intrinsic factors of the plant and animal tissues, including pH < 4.6, aw < 0.94, 10%
NaCl, and temperature < 10/C. To employ the hurdle technology, a series of these
barriers must be implemented in order to inhibit C. botulinum outgrowth (Jay 2000).
The objective of this research was to determine the efficacy of various sanitizing
treatments: chlorine dioxide, peroxyacetic acid, dimethyl dicarbonate, ozone, steam
pasteurization, and a combination of steam pasteurization and ozone for inactivation of





PRODUCE CONTAMINATION AND SANITIZING
Fruits and vegetables are often contaminated with pathogenic microorganisms. 
This is due, in part, to the conditions through which they are grown, harvested, and
carried throughout the post-harvest handling, processing, and distributing of the products. 
Because of advances in agronomic, marketing, and transportation technologies, humans
have the resources to consume fresh fruits and vegetables year round (Beuchat 1998). 
Most of the produce on the market is not processed or is minimally processed.  Minimal
processing consists of cutting, washing, and/or treatment with sanitizers, such as
chlorinated water.  It has been suggested that levels of 50-200 mg/L chlorine are
necessary to destroy vegetative bacteria and fungal cells in commercial vegetable packing
houses but many producers now feel that such high levels result in discoloration and
produce off-flavors (Simons and Sanguansri 1997).  Also, chloramines and
trihalomethanes are carcinogenic byproducts from chlorination that could result.  
Minimal processing often damages produce tissues resulting in leakage of cellular fluids
containing nutrients and intracellular enzymes that create a favorable environment for
microbial growth (Heard 1999).  Sanitizers that can be used to wash or treat fruits and
vegetables are regulated by the FDA and regulations are provided in the Code of Federal
Regulations, Title 21, Chapter 1, Section 173.315 (FDA 2002).
Cantaloupe melons are fruits that have been associated with foodborne illness
outbreaks.  This is due to the intricate webbing of the rind surface, which is able to hold
bacteria within the webbing, thereby providing protection from destruction by minimal
processes.  Then when the melons are cut, the microorganisms harbored on the surfaces
10
are displaced onto the actual fruit inside (pH ~ 6.7). Salmonella is capable of survival on
the edible mesocarp of cantaloupe at room temperature and survives when the fruit is
refrigerated (Golden and others 1993).  Thus new processes are being investigated in
order to treat the outside rinds of the melons to destroy viable pathogens attached to the
surface.
CANTALOUPE-ASSOCIATED OUTBREAKS
In 1990, at least 245 people in 30 states were involved in a salmonellosis outbreak
associated with Salmonella Chester (Beuchat 1995).  An estimated 25,000 individuals
were affected with two deaths resulting from this outbreak.  All illnesses were associated
with eating cantaloupe prepared and served on salad bars (Beuchat 1995).  The source of
the pathogen on the edible mesocarp was believed to come from contact of the unwashed,
contaminated  rind during cutting with the knife.  In order to identify the source of the
pathogen Madden (1992) examined cantaloupes for the presence of Salmonella.  Only 11
of 1,440 melons randomly selected were confirmed positive for Salmonella (0.76%). 
Eight different serovars were found present out of the 11 positive samples, but none were
S. Chester (Madden 1992).  A subsequent study was performed in which 2,220 melons
harvested from the same area that the cantaloupes from the 1990 outbreak were obtained
and cultured.  During this study, 24 (1.06%) of 2,220 cantaloupes tested positive for
Salmonella serotypes, but again none was S. Chester  (Madden 1992). 
In 1991, a second outbreak of salmonellosis occurred and resulted in 185
confirmed cases of Salmonella Poona in 23 states across the nation and 56 cases within
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two Canadian provinces (Beuchat 1995).  Again, the mode of transmission was
cantaloupe that had been cut without washing the rinds and consumed from salad bars
where adequate cool temperatures were not administered.  Several persons affected had
consumed cantaloupe in a fruit salad that was served at a party (CDC 1991).  S. Poona
was not recovered from cantaloupes examined by state or federal laboratories (Madden
1992) because it is often difficult to trace melons once they are unpacked from the crate. 
Industry sources identified the lower Rio Grande Valley in Texas as the probable source
of the implicated cantaloupes, which may have been imported from Mexico (CDC 1991).  
The United States Food and Drug Administration examined Salmonella growing
on precut melons, as a result of the previous salmonellosis infections as a result of
contaminated cantaloupe.  It conducted field surveys on imported melons during 1990
and 1991 in an attempt to identify and eliminate the practices responsible for melon rind
contamination (Golden and others 1993).  The FDA’s findings also revealed that there
was a very low incidence of melons containing Salmonella, which suggests that this
pathogen contamination is not widespread, and is consistent with the findings of Madden
(1992).  
The most recent cantaloupe-associated problem arose in May, 2002 when the I.
Kunick Company had to recall its Susie brand cantaloupes.  The Federal Food and Drug
Administration advised the company to recall the cantaloupes because of their association
with outbreaks of foodborne illness throughout the United States and Canada (Safey
Alerts 2002).  The outbreaks of salmonellosis resulted from Salmonella Poona and
infected dozens of people throughout these two countries.  The I. Kunick Company is
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based out of McAllen, Texas, and is responsible for shipping out melons which it imports
from Mexico.  The Susie brand was the only source of cantaloupe associated with this
foodborne outbreak of salmonellosis, and it was not linked to a salad bar.    
PATHOGENS ASSOCIATED WITH PRODUCE
Enterotoxigenic Escherichia coli is a common cause of traveler’s diarrhea, which
is often associated with consumption of contaminated raw vegetables (Beuchat 1995). In
one outbreak, 47 airline passengers suffered from illness that was associated with eating
garden salads made from iceburg and romaine lettuces, endive, and shredded carrots.
Enterohemorrhagic E. coli O157:H7 has also been associated with produce, especially
apples and unpasteurized apple cider  (Besser and others 1993).  E. coli O157:H7 causes
hemolytic uremic syndrome, particularly among small children, and can lead to death.
 One other major pathogens associated with fresh produce is Listeria
monocytogenes (Beuchat 1995).  This foodborne pathogen causes approximately 2,493
illnesses annually and has a 20% mortality rate (IFT 2002). It is believed that produce
such as lettuce or other fresh vegetables become contaminated with Listeria
monocytogenes, and since the products are eaten raw, illness can occur. Ho and others
(1986) reported an outbreak L. monocytogenes infection that involved 23 patients from
eight hospitals in the Boston, Massachussettes area in 1979. Tuna, chicken salad, and
cheeses were served to the patients, who also consumed raw celery, tomatoes and lettuce.
It was concluded that consumption of these vegetables may have caused the listeriosis
outbreak (Ho and others 1986). Although positive confirmation was not achieved, L.
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monocytogenes is capable of growth on lettuce (Heisick and others 1989).
A major reason for the association of pathogens with fresh produce is the use of
animal manure as fertilizer. All warm blooded animals can harbor pathogens such as E.
coli O157:H7 and Salmonella in their intestinal tracts, and these pathogens can be passed
from the feces other animals (CDC 2002). When used correctly (e.g., after composting),
manure is useful as fertilizer and supplies an overwhelming source of nutrients for fruits
and vegetables to grow. However, when used improperly, manure can be the source of
pathogens, which are then spread to produce. This is a major concern with the produce
industry because most fruits and vegetables that will be sold as “fresh” will receive no or
only minimal processing. 
The industry does not want to interfere with the freshness of the product because
that is what consumers look for in the market. Also, people do not want to taste off-
flavors that may arise from the use of treatments such as chlorine.  By definition, minimal
processing includes all unit operations such as washing, sorting, trimming, peeling,
slicing, coring, etc., that might be used prior to blanching in conventional processing
(Reyes 1996). However, minimal processing can often damage fruit and vegetable tissues
resulting in leakage of cellular fluids containing nutrients and intracellular enzymes
creating a favorable environment for microbial growth (Heard 1999). Thus, if the fresh
products are taken straight from the ground to the market or have been treated with
minimal processing, both conditions can lead to the growth of pathogens. It is for these
reasons that new methodologies are needed for the produce industry to reduce pathogens,
and even destroy them so that they are not a threat to consumers.
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SANITIZING TREATMENTS
Inactivation of bacteria from antimicrobials applied to produce varies depending
upon temperature, pH, water content, usage level, attachment mechanisms of the
microorganisms and the physical characteristics which serve as protecting biological
structures, such as the skin or cuticle of the produce.  Traditional technology utilizes
water with or without a sanitizing agent to wash fresh fruits and vegetables. Chlorine is
the most widely used sanitizing agent available for fresh produce but has a limited effect
in killing bacteria on fruit and vegetables surfaces. The most that can be expected at
permitted concentrations is a 1 - to 2-log population reduction (Xu 1999). Chlorine may
also alter certain organic compounds producing off-tastes and odors, as well as forming
chloro-organic compounds with carcinogenic potential (Restaino 1995).
Beuchat and Ryu (1997) reported that when cantaloupe cubes were inoculated
with a five-serotype cocktail of Salmonella and treated with 2,000 mg/L chlorine, the
treatment resulted in less than a 1-log reduction in viable cells. According to this study,
the high level of organic matter in the cantaloupe juice that is released from the cut
cantaloupe tissue neutralizes the chlorine before its lethality can be exerted (Beuchat and
Ryu 1997).  
Microbial inactivation by chlorine can take hours because it has to penetrate the
cell wall of bacteria. Beuchat and Ryu (1997) concluded that chlorine is often
inaccessible to microbial cells because of crevices, creases, pockets, and natural openings
in the skin that contribute to the overall lack of effectiveness of the chemical in killing
pathogens. Therefore alternative processes such as treatment with ozone, chlorine
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dioxide, dimethyl dicarbonate, and new innovations like steam pasteurization are being
implemented to bring about safer produce that still maintains its fresh qualities.
Chlorine dioxide
Chlorine dioxide is a powerful oxidant that has been evaluated for its
antimicrobial effectiveness as a produce treatment (Stivarius and others 2001). Oxidizing
agents cause irreversible damage to fatty acids in the cell membrane and to cellular
enzymes of microorganisms (NAIN 2002).   The oxidizing power of chlorine dioxide is
about 2.5 times that of chlorine and its activity is not affected by pH, as is the case with
chlorine (Beuchat 1998). Chlorine dioxide does not form toxic by-products and
organohalides in water treatment (NAIN 2002).  Its chemistry is complex and different
from other chlorine-based compounds, as well. Chlorine dioxide is a gas that is highly
stable in water, which makes it relatively safe for application on food products (Olsen and
others 2002 ).  
Despite its advantages, chlorine dioxide has disadvantages worthy of noting. This
antimicrobial typically requires an activation step with an organic acid prior to application
to treatment water.  It also breaks down at about 30/C when exposed to light (Beuchat
1998 ). The Food and Drug Administration has determined chlorine dioxide to be a safe
secondary direct food additive permitted in food for human consumption under Title 21
of the Code of Federal Regulations, Part 173.300 (FDA 2002b). The additive may be used
as an antimicrobial agent to wash fruits and vegetables at levels up to 200 ppm with no
final rinse.  
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Costilow and others (1984) reported that 2.5 ppm of chlorine dioxide used in
wash water to remove microorganisms from cucumbers. They reported that at this
concentration, chlorine dioxide was effective in killing microorganisms in wash water at
concentrations up to 105 ppm, but it failed to reduce the population of microorganisms
present on or in fresh cucumbers (Beuchat 1998 ). From this, it was concluded that many
microorganisms were so intimately related with the cucumber fruit that they were
unaffected by the treatment. Zhang and Farber (1996) evaluated the effectiveness of
chlorine dioxide for killing Listeria monocytogenes on the surface of shredded lettuce and
cabbage leaves. A 10 minute treatment of lettuce using 5 ppm of chlorine dioxide reduced
the numbers of pathogens by 1.1 and 0.8 logs at 4/C and 22/C, respectively, compared to
tap water controls. The maximum reduction in populations of L. monocytogenes on
shredded lettuce and cabbage treated with chlorine dioxide at concentrations of 5 ppm
was only slightly more than 90%, which conforms with the observations on the lack of
effectiveness of the study performed by Costilow and others (1984). These results could
have occurred due to inexperience with using chlorine dioxide and its need to be activated
with inorganic acids.
Stivarius and others (2001) incorporated the use of ozone and chlorine dioxide for
treating beef trimmings to observe microbial changes. The beef trimmings had been
inoculated with E. coli O157:H7 and Salmonella Typhimurium then treated with either
1% ozonated water or with 200 ppm chlorine dioxide and compared to controls. Focusing
on the chlorine dioxide treatment, it was effective (P<0.05) against all types of bacteria
evaluated. Chlorine dioxide reduced E. coli, coliforms, S. Typhimurium, and obligate
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aerobic bacteria by 0.71, 0.57, 0.61 and 0.72 log cfu/g in ground beef, as compared to the
controls (Stivarius and others 2001). This study differed from the studies of Costilow and
others (1984) and Zhang and Farber (1996) in that positive reduction of pathogens
resulted.
When used properly, chlorine dioxide is an effective sanitizer for fruits and
vegetables. It has the ability to destroy microorganisms by disrupting the various
molecules critical to cell function and does not pose a serious threat to consumers when
ingested.
Peracetic (peroxyacetic) acid
Peracetic (peroxyacetic) acid is often used as a detergent to wash both produce
surfaces, as well as a sanitizer in the food industry on equipment and other processing
surfaces. Its active ingredients are hydrogen peroxide and peroxyacetic acid. The use of
peracetic acid is often favored over that of chlorine and hypochlorite because this agent
has environmental-friendly decomposition byproducts, including oxygen, acetic acid, and
water, and it exhibits greater resistance to inactivation from organic soils (Hilgren and
Salverda 2000).  
Restaino and others (1994) tested traditional sanitizers, including peroxyacetic
acid, against a new anitmicrobial, BOAAS, which couples citric acid and
ethylenediaminetetraacetic acid (EDTA). The sanitizers were tested on a Formica
countertop both with no organic material present and with 0.5% bovine serum albumin
present.  As compared to other sanitizers, the peroxyacetic acid reduced micobial
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numbers of Staphylococcus aureus about 1 log after 60 minutes exposure, with no
organic material present (P>0.05). However, in the presence of 0.5% bovine serum
albumin, the peroxyacetic acid reduced S. aureus numbers nearly 2 log units after 60
minutes of exposure. This was significantly more effective (P<0.05) than other sanitizers
used (Restaino and others 1994).
The antimicrobial effects of peroxyacetic acid alone was compared to the use of a
peroxyacetic/octanoic acid combination, especially with respect to its effect on yeasts and
molds (Hilgren and Salverda 2000). The first agent used was Tsunami® 100 (peroxyacetic
acid) by Ecolab and the second contained a peroxyacetic/ocatnoic acid combination
(Tsunami® 200). The tests were performed using two separate recycled water systems,
one used for cut, raw celery or cabbage, and the other to transport cut, raw potatoes.
Approximately 80 ppm of peroxyacetic acid was used and 64 ppm of
peroxyacetic/ocatnoic acid was used for each trial. During processing of each vegetable,
ten water samples were collected in sterile plastic bags containing an inactivating agent
(0.01% sodium thiosulfate), and microbial analysis was conducted. From the tests, it was
found that microbial loads on fresh cut produce entering the peroxyacetic acid or
peroxyacetic/octanoic acid containing water were not significantly different (P>0.05).
When either antimicrobial agent was present in the processing water, coliform bacteria
levels were less than 1 log cfu/ml. However, the water system used for potato processing
showed significantly lower numbers of yeasts and molds (P<0.05) when treated with the
peroxyacetic/ocatnoic acid versus the peroxyacetic acid alone (Hilgren and Salverda
2000). Thus, if processors had a concern over yeasts and molds with their products, the
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best choice would be some type of peroxyacetic/octanoic acid antifungal combination.
Due to all the research that is being performed in the realm of sanitizers with
fruits and vegetables, Zook and others (2001) chose to the development of pathogen
resistance to antimicrobials, which could also lead to cross protection from other
treatments. Food preservation utilizes environmental stresses such as pH, temperature,
and chemical extremes. When pathogens are exposed to such stresses, they often are
destroyed. However, pathogens are known to have protective or reparative proteins that
allow them to survive in such extreme conditions. The focus for Zook and others (2001)
then was to focus on sanitizer-induced adaptation of bacteria and cross protection to other
stressors.  
Their work (Zook and others 2001) focused on peroxyacetic acid (PAA) sanitizer,
composed of 27.5% hydrogen peroxide, 8% acetic acid, and 5.8% PAA, along with 30%
hydrogen peroxide and glacial acetic acid. Cultures of E. coli O157:H7 were exposed to
the chemicals at 0.1% vol/vol PAA, 12 mM hydrogen peroxide and 1mM acetic acid.
From this, the group (Zook and others 2001) recognized that cultures of E. coli O157:H7
exhibited increased tolerance to peroxidative stress when acutely exposed to sublethal
concentration (80 milliMole ~ 2700 ppm) of the experimental PAA sanitizer. Less than 1-
log inactivation occurred after 2 hours at 80 mM of peroxyacetic acid in prechallenged
cultures. Results for hydrogen peroxide alone were similar, but acetic acid alone produced
greater than a 3-log reduction after 0.75 hours of challenge at 80mM peroxyacetic acid,
which was similar to the negative control (no challenge with any type of chemical).
The next step in their research (Zook and others 2001) was to evaluate tolerance
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of the acute sanitizer-exposed cultures to inactivation by heat (54/C). The cultures did not
exhibit significant cross protection compared to the negative controls, in which both
cultures underwent approximately a 6-log reduction within three hours. The study by
Zook and others (2001) demonstrated that cross protection can result from excessive use
of such chemicals, supporting the need for novel and different processing treatments.  
Dimethyl dicarbonate 
Dimethyl dicarbonate (DMDC) has been a useful antimicrobial, historically used
as a yeast inhibitor in wines.  DMDC inactivates microorganisms by protein modification
that results from contact of the bacteria with dicarbonate.  Residual carbonate is unstable,
decomposing rapidly so that no chemical residue is found on the food material (Ough
1993). It has also been shown to effectively reduce pathogens in juices (Fisher and
Golden 1998).  In their study, E. coli O157:H7 was reduced to undetectable levels after
three days at 4/C in apple cider containing 0.025% DMDC. Fresh apple cider was
inoculated with E. coli O157:H7 (7 log CFU/ml) and was then treated with various
preservatives, including no preservatives (control), 0.025% DMDC, 0.045% sodium
benzoate (SB), 0.0046% sodium bisulfite (NaS), or a combination of NaS and SB
(NaS/SB). Inoculated test samples were stored at 4, 10 and 25/C and were collected at
intervals throughout an 18-day storage period. From their study, after 3 days of storage at
4/C, there were no E. coli O157:H7 detected in cider, and DMDC was significantly better
(P<0.05) than other treatments in inactivating the pathogen. For 10/C storage, results
were similar to the 4/C study, where DMDC and SB were effective in killing E. coli
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O157:H7 in cider. After nine days storage of cider containing DMDC, E. coli O157:H7
was no longer detected. At 25/C storage, preservatives were quite effective, reducing E.
coli O157:H7 populations to undetectable levels after 2 days in cider containing DMDC
(Fisher and Golden 1998).       
The wine industry has made sufficient use of DMDC to inhibit microorganisms,
especially unwanted yeasts.  Additions of DMDC (50 mg/L) in the presence of free sulfur
dioxide (25 mg/L) to wine also inhibited yeast (Ough and others 1988). White wine was
prepared by standard cellar techniques, except no sulfur dioxide (SO2) was used prior to
fermentation at 20/C. DMDC was introduced to the wine and contents were mixed.
Starter cultures of yeasts were adapted to SO2 by diluting white wine with water to give a
concentration of 10% ethanol, and glucose was added to give 2%; the mixture was filter
sterilized and treated with SO2 to give a concentration of free SO2 of 50 mg/L and then
inoculated with Saccharomyces cerevisiae. The white wine was brought to room
temperature and divided into six 700 ml samples, to which pH adjustments were made to
3.0, 3.2, 3.4, 3.6, 3.8 and 4.0 and divided into four lots. The lots were then treated with
5% acqueous solution of SO2 to give 0, 10,. 25 and 50 mg/L free SO2 after 24 hours of
storage.  DMDC was added to give 0, 25, 50, 75 and 100 mg/L and stored at 20/C. Yeast
viability was affected by both SO2 and DMDC. However, at higher pH, the yeast was
fairly resistant to DMDC. This yeast strain was rather typical of those that can develop in
wine by adaptation to high SO2 concentrations (~150 mg/L). Thus, to a certain degree, pH
affects DMDC efficacy (Ough and others 1988).  
The FDA has not approved DMDC for use at any level in fruit juices, but it can be
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used in ready-to-drink teas, non-juice beverages with added electrolytes, carbonated
juices, and certain other non-juice beverages (FDA, 2002c). It would be optimal to use
DMDC in washes for produce, but it also has not been recognized by the FDA for its use
in this area.
Ozone
Ozone, the triatomic form of oxygen is one of the most powerful disinfectants and
oxidants known (Lamarre 1997). As disinfectants, these atoms quickly destroy the
bacteria they contact, leaving only common oxygen behind. The United States has been
slow to adapt to the use of ozone. However, Europeans have relied on its use for years,
especially for treating drinking water (Lamarre 1997). Chlorination has been the choice of
disinfectant in the United States because it was less costly to implement. Ozone is
produced by passing air or oxygen across a 185 nm ultraviolet light or by corona
discharge (Ankeney 2002).  Ozone gas has a characteristic blue tint and strong odor (Kim
and others 1999).  It is an unstable gas, with a life span of approximately twenty minutes,
depending on temperature, but after completing its job, converts back to oxygen.  The
half-life of ozone in distilled water at 20/C is generally considered to be 20 to 30 minutes,
(Khadre and others 2001). 
Inactivation of bacteria by ozone is a complex process because ozone attacks
numerous cellular constituents including proteins, unsaturated lipids and respiratory
enzymes in cell membranes, peptidoglycans in cell envelopes, enzymes and nucleic acids
in the cytoplasm and proteins and peptidoglycan in spore coats and virus capsids (Khadre
23
and others 2001).  In bacteria, oxidation results in a change in cell permeability and
leakage of cell contents into solution.  Ozone inactivates bacteria approximately 3,125
times faster than does chlorine.  In Lamarre’s review (1997), it is reported that ozone is
actually 52% greater with oxidation than chlorine.  In fact, ozone (-2.07 V) is a more
potent oxidizer than hypochlorous acid (-1.49 V) or chlorine (-1.36 V) (Kim and others
1999).  Ozone is second second only to fluorine as the most powerful oxidant known
(familyhealthnews.com). 
Historically ozone has been used for purification of drinking water.  This process
began almost one hundred years ago in Nice, France where it was applied in water
treatment plants.  By 1982 the US Food and Drug Administration had approved the use of
ozone for purifying bottled water, and it is the only approved agent for purifying bottled
water in California.  In 1991, the United States Department of Agriculture approved
ozone as a method to be used to recycle poultry chill water. In the same year, the United
States Environmental Protection Agency confirmed that ozone is the most effective
primary disinfectant available for drinking water (Lamarre 1997). In September, 2000, the
Electric Power Research Institute, Agriculture and Food Technology Alliance filed a
petition for the use of gaseous and aqueous ozone for the treatment, storage and
processing of foods (FDA 2000).  In 2001, the Food and Drug Administration ruled for
the safe use of ozone as an antimicrobial agent on food in both gaseous and aqueous
phases (FDA 2001a).  The effectiveness of treating water with ozone, though, is related to
water temperature, pH, and the size of ozone bubbles generated (Lamarre 1997). 
Ozone’s bactericidal effects can be observed in Gram-positive and Gram-negative
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bacteria (Restaino and others 1995).  Kim and Yousef (2000) found that when E. coli
O157:H7 was treated with 0.3 and 1.0 ppm ozone for 30 seconds within a batch system,
viable counts decreased 1.3 and 3.8 log, respectively.  It was also determined that after
180 seconds, residual ozone diminished from 1.3 ppm to 0 ppm (Kim and Yousef 2000). 
Restaino and others (1995) found that more than 5 log units each of Salmonella
Typhimurium and Escherichia coli cells were killed instantaneously in ozonated water
with or without addition of 20 ppm of soluble starch (SS). Of the Gram-positive bacteria,
L. monocytogenes was significantly (P<0.05) more sensitive than either Staphylococcus
aureus or Enterococcus faecalis.  Kelly and others (2001) found that treatment of apples
with 5 ppm ozone for 2 min at pH 7 reduced E. coli populations > 3 logs on fruit surfaces. 
These researchers also noted that treatment with 2 and 5 ppm ozone was more effective at
pH 3, with no difference observed between pH 5 and pH 7 (P>0.05).  
Steam pasteurization
Steam pasteurization is an alternative method of using steam at high temperatures
to destroy microorganisms. This concept has been applied in the meat industries and is
now being evaluated as a produce treatment. Very rapid heating and cooling of meat
surfaces has been achieved using steam and vacuum (Morgan and others 1996). This may
be useful because the toxic microorganism of intact meat are usually on its surface, which
is true of enterobacteria such as Salmonella, whose origin is the gastrointestinal tract of
animals. In 1994, Morgan and others set out to surface pasteurize meat without producing
a cooked appearance (1996). Fresh chicken broilers were purchased and inoculated with
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Listeria inocua. In this study, after heating, a vacuum was applied, which cooled the
meats quickly so a cooked appearance did not result. In fact, when the vacuum was not
applied, every treatment condition resulted in a cooked appearance, however brief the
steam treatment (Morgan and others 1996). Steam temperatures of 127, 138, 149 and
157/C were used each for 26 milliseconds, and resulted in a 2.2, 4.0, 2.8 and 2.7 log kill,
respectively. It was concluded from this study that the best treatment for chicken meat
was 145/C steam for 25 milliseconds, followed by vacuum treatments, which resulted in
a total of 1 second treatments (Morgan and others 1996).
Cygnarowicz-Provost and others (1994) used the approach of steam pasteurization
because other sanitizers like chlorine and acid dips often require relatively long treatment
times and result in small reduction numbers. The objective of their study was to design a
rapid process that could be incorporated into high-speed meat and poultry processing
lines. Also, processing of these products often result in recontamination during casing
processes (Cygnarowicz-Provost and others 1994). Their work involved frankfurters that
were inoculated with L. inocua and then treated at 136/C for 32 seconds. A 4-log
reduction was achieved, and there were only minimal changes to color and weight of the
products (Cygnarowicz-Provost and others 1994).
The United States Department of Agriculture has proposed that all slaughter
establishments should apply at least one antimicrobial treatment or other approved
intervention processes to livestock and poultry carcasses (Nissen and others 2000). A
study was conducted where meat was decontaminated by heating it for 10 seconds at
75/C. Salmonella Enteritidis was spread on portions of chicken meat, and the sample was
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then plated and incubated. The results showed that growth of S. Enteritidis was not
significantly different on decontaminated and untreated chicken meat except after 3 days
of storage, where there was more growth on untreated samples. After 4 days of storage,
populations of background microflora on the untreated meat were also larger than
populations of S. Enteritidis (Nissen and others 2000). This study was different than most
in that the product was treated, and then the pathogen was added to observe how well
treating before contamination affected the growth of the microorganism.
Meat has been studied with steam pasteurization more than other products, but
some work is starting to be performed in the produce area. Zhao and others (2000)
observed the efficacy of steam treatments for inactivation of E. coli O157:H7 on the
surfaces of oranges. The oranges were inoculated with 7.6 log CFU/orange of E. coli
O157:H7 and steam treated for 10, 20, 30, 40 and 60 seconds with a steam temperature of
88.5/C. After steam treatment, populaions were reduced by to 5.55, 5.10, 3.88, 3.58 and





STRAINS AND PREPARATION OF INOCULUM
Five strains of nalidixic-acid resistant Salmonella Montevideo (tomato-associated
outbreak), Salmonella Agona (alfalfa sprout-associated outbreak), Salmonella Baildon
(lettuce/tomato-associated outbreak), Salmonella Michigan (cantaloupe-associated
outbreak), and Salmonella Gaminara (orange juice-associated outbreak) were used in this
study. All cultures were obtained from Dr. Larry Beuchat, University of Georgia, Griffin.
Each strain was individually grown in tryptic soy broth (TSB; Difco/ Becton-
Dickinson; Sparks, MD) containing 50 ppm nalidixic acid (Fisher Biotech; Fair Lawn,
NJ) at 35/C and transferred at 24 hour intervals at least three days prior to inoculation of
cantaloupes. Broth cultures of all five strains of Salmonella were combined to obtain a
mixed culture containing equal proportions of each strain. The mixed culture of
Salmonella cultures was centrifuged (11,000 x g, 10min), the culture broth was decanted,
and the cell pellet was resuspended in 0.1% peptone water (PW) (Difco; Becton-
Dickinson). The PW-cell suspension was diluted to 8 log cfu/ml prior to inoculation of
cantaloupes.
INOCULATION OF CANTALOUPES
Whole cantaloupes, purchased from a local supplier, were rinsed with cool tap
water to remove loose soil and debris and held at 4/C until dry. Two, 5 x 5cm squares 
(i.e., 25 cm2)  were drawn on the rinds of each cantaloupe with a black, permanent
marker. Each 25 cm2 section of rind was spot inoculated with 0.1 ml of the mixed
Salmonella suspension to provide an inoculum of approximately 7 log cfu/cm2.
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Inoculated cantaloupes were then stored at 4/C for 24 hr prior to application of sanitizer
treatments.
CHLORINE DIOXIDE TREATMENT
USS-1400 stabilized chlorine dioxide (Universal Sanitizers and Supplies, Inc;
Knoxville, TN) was used at 0 (tap water control), 100, and 200 ppm aqueous
concentrations (FDA 2001a) to evaluate its effectiveness at reducing Salmonella
populations on cantaloupe rinds. For the 100 ppm solution, 38.24 ml of USS-1400
stabilized chlorine dioxide was activated with 3.98 g citric acid and allowed to produce
chlorine dioxide gas, as indicated by the formation of a yellow gas, under sealed
conditions for approximately five minutes. For the 200 ppm solution, 76.47 ml of
stabilized chlorine dioxide was activated with 7.99 g citric acid and allowed to produce
chlorine dioxide gas under sealed conditions for approximately 5 minutes. Test solutions
were prepared by adding the appropriate activated chlorine dioxide to 7.55 L (8 quarts) of
cool (~21/C) tap water (under a fume hood) in a 12-L plastic container. After each
solution was prepared, residual chlorine dioxide was measured with a test kit provided
(Universal Sanitizers and Supplies, Knoxville, TN). Inoculated cantaloupes were
submerged in the 100 (pH ~ 3.02) or 200 ppm (pH ~ 2.82) solutions for 0.5, 1.0, or 1.5
minutes.
PEROXYACETIC ACID (TSUNAMI® 100) TREATMENT
Peroxyacetic acid (Tsunami® 100; Ecolab®; St. Paul, MN) was used at 0 (tap
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water control), 40, and 80 ppm concentrations. The sanitizing solutions were prepared
using 1.804 or 3.609 ml of Tsunami® 100 to 7.55 L of cool (~18/C) tap water, as directed
by the company to yield 40 and 80 ppm peroxyacetic acid, respectively.  Sanitizing
solutions were tested using a test kit provided by Ecolab®  to ensure that 40 and 80ppm
residual peroxyacetic acid was being used.  Inoculated cantaloupes were submerged in
peroxyacetic acid for 0.75, 1.5, or 2.5 minutes.
DIMETHYL DICARBONATE (DMDC) TREATMENT
DMDC was evaluated at concentrations of 0 (tap water control), 1000, 5000 and
10,000 (v/v) ppm. Test solutions were prepared by adding 0, 1, 5, or 10 ml of DMDC
(Sigma) per liter of cool (~20/C) tap water. Inoculated cantaloupes were submerged in
test solutions for three minutes.
OZONE TREATMENT
An Activated Oxygen Generator (Golden Buffalo; Orange, CA) designed to
produce 1.8 g of ozone per hour from ambient air was used. Ozonated air was pumped
(2.4 L/min) through a delivery tube (0.25-inch i.d.; Nalgene 180 PVC; Nalgene Corp,;
Rochester, NY) and introduced directly into 7.55 L of cool (~20/C) tap water by a
diffuser (Porex Diffuser VHMW; ~ 0.5-inch i.d.; Porex Corp.; Fairburn, GA). The
ozonated air was allowed to flow into the for one hour to build the ozone concentration to
~1.6 ppm before the cantaloupes were introduced for treatment. For control treatments,
non-ozonated air was pumped into tap water via the same delivery system described
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above. Ozonated or non-ozonated air was continually supplied during treatment of
cantaloupes. Inoculated cantaloupes were submerged in test solutions for up to four
hours. Ozone levels in water were continuously monitored using an ozone test kit (Ozone
Vacu-Vials® 0-2 ppm; CHEMetrics; Calverton, VA).
STEAM PASTEURIZATION TREATMENT 
Low pressure steam was delivered continuously into a 2-m tunnel conveyor to
obtain an air temperature of 85/C (±2/C). Room temperature (~25/C) cantaloupes were
introduced into the tunnel via a galvanized steel, flatwire conveyor belt. When
cantaloupes reached the center of the tunnel (14 sec), the belt was stopped, and
cantaloupes were held under free-flowing steam at 85/C for 0 (control), 2, 4, 6, or 8 min.
After the desired treatment time, the conveyor belt was started to remove cantaloupes
from the steam tunnel (14 sec). The steam temperature and times were selected based
upon initial uninoculated treatments that did not result in an increase in the internal
temperature of cantaloupes (~20/C). Internal temperature of non-inoculated cantaloupes
was determined immediately after treatment; cantaloupes were cut in half, and the
temperature was measured just below the green region of the edible mesocarp using a
Raynger® ST™ non-contact, infrared thermometer (Raytex Corp., Santa Cruz, CA).
Similarly, rind surface temperatures were determined using the non-contact, infrared
thermometer immediately after treatment (~60-70/C). After steam treatment, cantaloupes
were placed in an ice-water bath until cooled to 25/C (~1 min).
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STEAM PASTEURIZATION/OZONATION TREATMENT
A combination of steam pasteurization and ozone treatment was evaluated. Ozone
and steam treatments were applied, as described above, under the following conditions.
First, cantaloupes were steam pasteurized for 30 or 60 sec and cooled in an ice-water
bath. After cooling, cantaloupes were submerged in ozonated water (~1.6 ppm ozone) for
20 or 40 min.
MICROBIOLOGICAL ANALYSIS
After treatments, cantaloupes were placed onto a sanitized plastic cutting board,
and sanitized knives (95% ethanol, flamed) were used to excise the two 5 cm2 inoculated
rind sections. Excision was done carefully such that only the external rind portion was
removed (i.e., no edible mesocarp). Rind sections  were placed into separate stomacher
bags containing 50 ml of Dey-Engley (DE) neutralizing broth (Difco/Becton-Dickinson)
(Park and Beuchat 1999). Rind sections were pummeled for two minutes in a Stomacher
400 lab blender (Seward) at normal speed. The DE broth suspension was serially diluted
in 0.1 M phosphate buffer (BBL; Sparks, MD) and surface plated onto duplicate plates of
tryptic soy agar (Difco/Becton-Dickinson) containing 50 ppm nalidixic acid (TSAN) and
bismuth sulfite agar (Difco/Becton-Dickinson) containing 50 ppm nalidixic acid (BSAN).
Inoculated media were incubated for 48 hr at 35/C. Un-inoculated cantaloupes were
analyzed similarly for comparison of colony types from indigenous microflora on TSAN
and BSAN with those from Salmonella colonies from inoculated cantaloupes. As such,
only colonies on TSAN and BSAN from inoculated cantaloupe that had typical
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appearance of known Salmonella were enumerated. Representative, typical Salmonella
colonies from TSAN (based upon comparison described above) were selected, streaked
onto BSAN, and incubated for 48 hr at 35/C. Colonies on BSAN with typical Salmonella
appearance were considered as positive without further confirmation. Initial inoculum
populations of Salmonella were determined as described above on untreated cantaloupes. 
ENRICHMENT
For enrichment, 25 ml of DE broth suspensions were added to 224 ml of TSB and
incubated at 35/C for 24 hr. Enriched TSB was streaked onto BSAN, which was then
incubated at 35/C for 48 hr. Growth of typical Salmonella colonies on BSAN was
considered positive for Salmonella without further enrichment. 
STATISTICAL ANALYSIS
All experiments were performed in triplicate. Recovery of Salmonella by direct
plating was statistically analyzed using the mixed procedure (PROC MIXED) of SAS
(Version 8.2; SAS Institute, Cary, NC). The experimental design was a randomized block
design with sampling, blocked on replication. Means were separated using LSMEANS,





Salmonella initial log counts on cantaloupe surfaces were significantly different
for each of the six sanitizing treatment concentration and/or times administered (P <
0.05). Generally, recovery of Salmonella on BSAN was substanially poorer than on
TSAN. Therefore, survival data that follow, unless otherwise indicated, represent
recoveries on TSAN. While tap water alone was able to reduce the initial Salmonella log
count (from 6.22 to 4.56 log cfu/cm2 after 90 sec), the maximum concentration and time
combination (200 ppm/ 90 sec) of chlorine dioxide (ClO2) (Table 1) was able to reduce
Salmonella population from 6.22 to 3.72 log cfu/cm2 and was significantly different than
the control.  However, treatment with 100 ppm chlorine dioxide for 90 seconds did not
result in reduction that was statistically different from the control (tap water). 
From treatment with peroxyacetic acid  (Table 2) at 40 ppm for 45, 90, and 150
seconds, Salmonella populations were reduced from 6.99 to 4.43, 4.32, and 4,78 log
cfu/cm2. However, treatment with 80 ppm, regardless of treatment time, did not provide a
significantly greater reduction.
Treatment of cantaloupes with 5000 and 10,000 ppm dimethyl dicarbonate (3
min) (Table 3) provided significant reduction of Salmonella, as compared with the initial
inoculum population and the control (P<0.05). These treatments reduced Salmonella
populations to levels that were not detectable by direct plating, although viable cells were
recovered after enrichment. Reductions after treatment with 1000 ppm DMDC did not
differ significantly from the control. 
Holding cantaloupes in ozonated water (~ 1.66 ppm ozone) significantly reduced
Salmonella populations after all treatment times (2.75 to 4.17 log reduction).
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Surprisingly, treating cantaloupes with actively aerated water was as effective as
treatment with ozone.
Following steam pasteurization treatment for 2-8 minutes, there was a significant
difference between treatment times, control (0) and initial log values. The initial
population of 5.36 log cfu/cm2 was reduced to 1.7  log cfu/cm2  after only 2 minutes of
steam treatment (Table 5). Treatment times longer than 2 minutes generally reduced
populations to levels not detectable by direct plating, although viable cells were recovered
after enrichment. 
The combination of steam treatment followed by holding cantaloupes in ozonated
water (20 to 40 min) was very effective for inactivating Salmonella. Generally,
combining steam and ozone treatments reduced Salmonella populations undetectable
levels (direct plating), regardless of treatment times. However, enrichment of treated





The initial inoculum of Salmonella applied to cantaloupes was approximately 7
log cfu/cm2. However, after holding cantaloupes overnight, populations of Salmonella
recovered on TSAN ranged from 6.99 5.01 log cfu/cm2. Since the culture populations
used for inocula were consistently the same, the observed reduction in pre-treatment
counts was likely due to cell death that occurred during the overnight storage at 4/C (Park
and Beuchat 1999). Furthermore, the surface of cantaloupes itself also makes recovery a
substantial challenge, as their webbed surface texture is conducive for bacterial
attachment and protection from wash/sanitizer treatments. In this study, all results of
viable counts were reported based upon recovery on TSAN as opposed to BSAN.
Reduced recovery on BSAN is attributed to the inability of the more selective medium to
recover cells injured by test treatments.
From the results of these sanitizing treatments, it is apparent that the steam/ozone
combination treatment, followed by treatment with steam alone, provided the greatest
reduction in  Salmonella populations on the cantaloupe surfaces. These results are
consistent with reductions observed with steam treatment of oranges (Zhao and others
2000). On the orange surface, a 5-log reduction was achieved after 60 sec of steam
treatment. In this study, with steam (85/C + 5/C) treatment of only 2 min, Salmonella
populations were reduced from 5.36 log cfu/cm2 to 1.7 log cfu/cm2 (3.66-log reduction). 
Also, using the steam (85/C + 5/C)/ozone (~1.6 ppm) treatment (30 sec/20 min), the
initial population of 5.5 log cfu/cm2 was reduced to undetectable levels (1.22 log cfu/cm2
level of detection).When ozone was used by itself, it did not reduce log counts as
drastically and significantly as seen by the steam/ozone combination or steam treatments
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alone. It should be noted  that throughout the ozone treatment, the initial concentration of
ozone (~1.6ppm) was reduced each hour and a final concentration after 4 hours was
approximately 0.8 ppm. Ozone is more soluble in water if it is kept at cooler
temperatures, so the possibility of introducing a cooling system to the water may enhance
the effectiveness of ozone treatment.  Also, enough ozone may remain in the water so that
after four hours, the Salmonella population may be reduced to undetectable levels.  As for
air alone being as effective at inactivating Salmonella as ozone, it is possible that the
active aeration significantly increased oxygen levels in the treatment water. Oxygen, at
sufficiently high levels, can be lethal to all living cells. Thus, increasing the oxygen level
could prove lethal to Salmonella.
When the steam and ozone treatments were combined, although individual
treatment times were reduced, the hurdle technology was a factor in inactivation of
Salmonella. After steam treatment for only 30 seconds, Salmonella was substantially
more susceptible to destruction by ozone. Using this combination treatment, cantaloupes
were first cooled in ice water before being treated with ozonated water. It is possible that
the effectiveness of this treatment could be further enhanced by cooling cantaloupes in
ozonated ice water. 
Also, from this research, as compared to previous, similar studies, it is clear that
whole cantaloupes should receive the sanitizing treatment rather than treatment of cut
cantaloupes in which the edible mesocarp is exposed. The increase in organic matter of
the edible mesocarp juices could decrease the effectiveness of oxidative sanitizing
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Table 1. Recovery of indigenous microflora and  Salmonella from cantaloupe rinds after
treatment with 0, 100, or 200 ppm chlorine dioxide.










Nonec None 5.93 (0.49) 6.22 (0.41) a ndd 4.23
(1.02) a
0 (water) 30 5.23 (0.68) 4.50 (0.52) b nd .Ee b
60 5.16 (0.39) 4.41 (0.28) b nd .E b
90 2.41 (0.41) 4.56 (0.61) b nd .E b
100 30 4.74 (0.16) 4.07 (0.44) b nd .E b
60 3.17 (0.18) 4.03 (0.48) b nd .E b
90 2.78 (0.62) 3.54 (1.23) c nd .E b
200 30 4.23 (0.02) 3.43 (0.62) b nd .E b
60 3.64 (0.15) 3.29 (0.46) b nd .E b
90 1.59 (0.66) 3.72 (1.07) c nd .E b
a Means (std. dev.) within a column that are followed by the same letter(s) are not significantly
different (P>0.05); n = 6 (duplicate samples, 3 replications).
b Population of indigenous microflora recovered from cantaloupes not inoculated with
Salmonella. Means were not analyzed statistically for differences.
c No treatment. Means indicate initial populations of indigenous microflora or inoculated
Salmonella.
d Not detected; detection limit was 1.22 log cfu/cm2
e Detected only after enrichment.
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Table 2. Recovery of indigenous microflora and Salmonella from cantaloupe rinds after
treatment with 0, 40, or 80 ppm peroxyacetic acid (Tsunami® 100).











Nonec None 5.60 (0.08) 6.99 (0.76) a ndd 6.39 (0.26) a
0 (water) 45 -e 5.29 (1.58) bc - 3.00 (0.65) b
90 - 5.86 (1.30) bc - 2.97 (0.55) b
150 - 6.45 (1.51) ab - 3.00 (0.72) b
40 45 3.25 (0.45) 4.43 (1.32) c nd .Ef e
90 4.27 (0.07) 4.32 (1.12) c nd 1.27 (1.16) cd
150 2.51 (0.07) 4.78 (1.10) c nd .E e
 
80 45 5.22 (0.20) 5.83 (1.01) bc nd 1.75 (1.58) c
90 3.71 (0.45) 4.90 (1.02) bc nd .E e
150 2.67 (0.81) 5.40 (1.63) bc nd .E e
a Means (std. dev.) within a column that are followed by the same letter(s) are not significantly
different (P>0.05); n = 6 (duplicate samples, 3 replications).
b Population of indigenous microflora recovered from cantaloupes not inoculated with
Salmonella. Means were not analyzed statistically for differences.
c No treatment. Means indicate initial populations of indigenous microflora or inoculated
Salmonella.
d Not detected; detection limit was 1.22 log cfu/cm2
e Not determined.
f Detected only after enrichment.
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Table 3. Recovery of indigenous microflora and Salmonella from cantaloupe rinds after
treatment with 0, 1000, 5000, or 10,000  ppm dimethyl dicarbonate.










Nonec None 5.62 (0.28) 5.01 (0.56) a ndd 5.14 (0.50) a
0 (water) 3 -e 4.27 (0.75) a nd 3.74 (0.45) a
1000 3 2.46 (0.52) 3.19 (0.38) a nd 1.55 (1.03) b
5000 3 2.74 (0.45) .Ef b nd .E c
10,000 3 2.74 (0.45) .E b nd .E c
a Means (std. dev.) within a column that are followed by the same letter(s) are not significantly
different (P>0.05); n = 6 (duplicate samples, 3 replications).
b Population of indigenous microflora recovered from cantaloupes not inoculated with
Salmonella. Means were not analyzed statistically for differences.
c No treatment. Means indicate initial populations of indigenous microflora or inoculated
Salmonella.
d Not detected; detection limit was 1.22 log cfu/cm2
e Not determined.
f Detected only after enrichment.
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Table 4. Recovery of indigenous microflora and Salmonella from cantaloupe rinds after
treatment with air or ozone (1.66 ppm).









Nonec None 5.65 (0.24) 5.82 (0.33) a ndd 5.99 (0.11) a
air 1 -e 2.68 (1.04) b - 1.29 (1.71) bc
2 - 3.25 (0.69) b - 1.37 (1.13) bc
3 - 2.43 (0.83) b - .Ef d
4 - 2.79 (0.56) b - .E d
ozone 1 4.75 (0.07) 2.70 (0.93) b nd 1.74 (0.33) b
2 4.11 (0.16) 3.07 (1.00) b nd .E d
3 4.67 (0.59) 1.65 (0.90) b nd .E d
4 3.62 (0.25) 2.12 (1.55) b nd .E d
a Means (std. dev.) within a column that are followed by the same letter(s) are not significantly
different (P>0.05); n = 6 (duplicate samples, 3 replications).
b Population of indigenous microflora recovered from cantaloupes not inoculated with
Salmonella. Means were not analyzed statistically for differences.
c No treatment. Means indicate initial populations of indigenous microflora or inoculated
Salmonella.
d Not detected; detection limit was 1.22 log cfu/cm2
e Not determined.
f Detected only after enrichment.
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Table 5. Recovery of indigenous microflora and  Salmonella from cantaloupe rinds after
treatment with 85/C steam.









Nonec None 3.98 (0.88) 5.36 (0.42) a ndd 5.14 (0.50) a
Steam 0 3.98 (0.88) 5.23 (1.27) a nd 4.09 (2.57) a
2 2.61 (0.69) 1.70 (0.80) b nd .Ee b
4 1.27 (0.16) .E b nd .E b
6 1.24 (0.40) 1.33 (1.67) b nd .E b
8 1.40 (0.46) .E b nd .E b
a Means (std. dev.) within a column that are followed by the same letter(s) are not significantly
different (P>0.05); n = 6 (duplicate samples, 3 replications).
b Population of indigenous microflora recovered from cantaloupes not inoculated with
Salmonella. Means were not analyzed statistically for differences.
c No treatment. Means indicate initial populations of indigenous microflora or inoculated
Salmonella.
d Not detected; detection limit was 1.22 log cfu/cm2
e Detected only after enrichment.
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Table 6. Recovery of Salmonella from cantaloupe rinds after treatment with combinations of
steam (85/C) and ozone (1.66 ppm).




treatment (min) TSAN BSAN
Noneb Noneb 5.50 (0.37) a 5.99 (0.11) a
0 20 3.80 (0.24) b 4.15 (0.08) ab
40 3.17 (0.09) c 3.14 (0.11) b
30 20 .Ec e .ndd c
40 .E e .nd c
60 20 .E e .nd c
40 1.60 (1.54) d .nd c
a Means (std. dev.) within a column that are followed by the same letter(s) are not significantly
different (P>0.05); n = 6 (duplicate samples, 3 replications).
b No treatment. Means indicate initial populations of inoculated Salmonella.
c Detected only after enrichment.
d Not detected; detection limit was 1.22 log cfu/cm2.
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Statistical analysis program
Statistical analyses were performed using SAS (SAS Institute, Cary, NC) version 8.2.
proc import datafile='a:ClO2stat2.xls'out=one replace;
run;
proc sort; by trt block;












model mtsan=trt/htype= 3 outp=rrr;
*model mtsa=trt/htype= 3 outp=rrr;
random block;
lsmeans trt/pdiff;
ods listing exclude lsmeans diffs;




proc univariate  plot normal data=rrr;
Var resid;
proc print data=nnn;
*proc gplot data=nnn; *where effect='la*steam';
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